and non-foaming systems. The foam formation is very likely connected with the physicochemical conditions of the interfacial surface. Foaming fluids behave differently than the non-forming fluids due to formation of foam in the high interaction regime.
Weekman and Myers [6] observed a large increase in pressure drop in the bed for foaming liquids. Wild et al. [7] observed the skyrocketing amplitudes of the pressure fluctuations for the foaming liquids when the flow pattern shifted from GCF to foaming pulsing FP regime. Twophase pressure drops that are reported to be higher may be due to foaming which characterizes enhanced interactions between gas and liquid phases.
Bartelmus and Janecki [8] observed that dynamic liquid saturation decreases during transition from GCF to FP regime due to appearance of foam for the foaming liquids. However in the FP regime the dynamic liquid saturation is reported to be almost independent of liquid flow rate. But with increase in gas flow rate the dynamic liquid saturation decreases in the FP regime. So far, a limited number of experimental studies on GCF and FP regime for foaming liquids have been available [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These authors reported that the values of dynamic liquid saturation for foaming systems are much lower than those prevailing with non-foaming systems of close physicochemical properties under identical flow rates of both phases. Mirroring dynamic liquid saturation trends, higher twophase pressure drops are reported to occur due to foaming which characterizes enhanced interactions between gas and liquid phases. Aydin and Larachi [10] have studied the effect of temperature on the dynamic liquid saturation. But none of the available studies have reported the effect of liquid flow rate on the dynamic liquid saturation in the FP regime. In the FP regime with further increase in liquid or gas flow rates the foaming intensity will increase due to high interactions of the phases which will further affect the dynamic liquid saturation and pressure drop. Liquid holdup or dynamic liquid saturation and pressure drop in the bed are the two key hydrodynamic parameters whose knowledge is necessary while designing and scaling up of the reactor. They are inseparable and appear together in the momentum balance equations of both fluids [8] . Pressure drop and dynamic liquid saturation are the important parameters in the process design and performance of trickle bed reactors as they affect the energy requirements and hence the operating cost and sizing of the reactor [11] [12] . The appearance of foam is widespread in the industrial processes like petroleum industry, food and pharmaceutical industry, so there is a need to conduct a comprehensive study of the hydrodynamics of such systems in the GCF and FP regime. It is pertinent to mention here that industrial TBRs are operated close to pulsing but in the trickle regime. This is done to achieve the high throughput but to still have the lower pressure drops so as to have lower operating costs. As such it is worth while to investigate the hydrodynamics of TBR related to pressure drop and dynamic liquid saturation for the foaming liquids in the GCF and FP regime. Also the transition from GCF to FP has been investigated for foaming liquids in the present study.
Experimental set up
Experiments were carried out on a 10 cm diameter glass column, packed with spherical glass beads of 7.12 mm to a height of 100 cm. Schematics of experimental set up are shown in Figure 1 . Entry for gas and liquid phases were provided at the top of the column. The packing in the column was supported on a stainless steel mesh. For even distribution of liquid, a distributor is provided at the top of the column with 17 holes. The liquid distributor was placed at a height of 0.25 m above the packed bed. The details of the distributor are shown in Fig. l(b) . Air coming from the compressor via air surge tank was first saturated with water in a saturator before introducing into the packed bed. This would avoid the effect of mass transfer between gas and liquid phase inside the column. Pressure taps were provided across the packed section to measure the pressure drop.
The gas and liquid flow rates were measured by mass flow meter and rotameter. The column was initially flooded with liquid alone to completely wet the packing. It was drained before the liquid was introduced into the column at the desired rate. The flow pattern across the glass column was visually observed. For each run the gas flow was kept constant and the liquid flow rate was gradually increased in steps. No foam was noticed in the column at low liquid flow rates. However at high liquid flow rates considerable foam was observed with aqueous PEG solution. The dynamic liquid saturation of the system was studied by draining method. The inlet and outlet valves of the system were closed simultaneously. The liquid in the column was collected for 30 minutes. The liquid mass velocity, at which transition was observed from GCF to FP regime i.e foam appeared in the column with a sharp rise in the pressure drop, was noted down. Corresponding to the visual observation of the onset of pulsing, the manometer fluid was found to show the fluctuations. In all systems, the onset of pulsing started at the bottom of the column and with increased gas flow rates of liquid at a constant gas rate, the point of pulse inception moved towards the column-top.
To observe the fluctuations corresponding to transition precisely, manometer with water was used. The transition was also confirmed from the ΔP/Z vs. L plots that showed a sharp rise in two phase pressure drop indicating the onset of pulsing. Physical properties of liquids used in the present study are listed in Table 1 .
Results and Discussion

Pressure Drop
Figures 2 and 3 show the pressure drop for 3% and 4% PEG in the column as a function of liquid flow rate at various gas flow rates. It has been observed that the pressure drop in the system increased with increase in liquid flow rate and gas flow rate in the GCF regime. However, a steep rise in the pressure drop coincided with the onset of transition GCF to FP regime. The results are in accordance to the results reported by Weekman and Myers [6] and Wild et al. [7] . At high gas flow rates, transition from GCF to FP is observed at a low liquid flow rate.
The pressure drop for 4% PEG solution was higher in comparison to 3% PEG solution for both the GCF and FP regimes as shown in Figure 4 . However as evident from Figure 4 that the pressure drop for foaming 3% PEG and 4% PEG was many folds in comparison with that of water 
Dynamic Liquid Saturation
Figures 5 and 6 show the plot of dynamic liquid saturation with liquid flow rate for 3% and 4% polyethylene glycol (PEG) at various gas flow rates.
Effect of liquid flow rate
It has been observed that in the GCF regime the dynamic liquid saturation increased with increase in liquid flow rate at the constant gas flow rate. As the flow rate is further increased, the foam was visually noticed in the column and corresponding to this flow rate, the transition from GCF to FP was observed. However, a dip in the dynamic liquid saturation was observed at the onset of the transition. The similar observations for decrease in dynamic liquid saturation and foaming characteristics at transition from GCF to FP have also been reported [8] . Further in the FP regime with increase in liquid flow rate the foaming intensity increased and hence the dynamic liquid saturation further deceased. With further increase in liquid flow rate the column was full of liquid foam and resulted in lowest dynamic liquid saturation. This may be due to the reason that during foaming large space was occupied by the gas phase which was otherwise occupied by the liquid. After the column is full of foam, further increase in liquid flow rate increased the dynamic liquid saturation. In the present study, dip in dynamic liquid saturation has been observed in the FP regime. , 5 (1), 2010, 34 Copyright © 2010, BCREC, ISSN 1978-2993 
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Effect of Gas flow rate
It is observed in Figures 5 and 6 that with increase in gas flow rate the dynamic liquid saturation decreased in GCF and FP regime. Also with increased gas flow rates the onset of transition from GCF to FP regime occurred at a lower liquid flow rate. Figure 7 shows the effect of viscosity on dynamic liquid saturation at 0.0512 kg/m 2 s gas flow rate for 3% PEG and 4% PEG. As the concentration of PEG increased from 3% to 4% in water, the viscosity of the fluid increased. It has been observed that dynamic liquid saturation for 4% PEG is more than that for 3% PEG at the same liquid and gas flow rate in the GCF regime. In the FP regime due to different foaming intensities the little variation in dynamic liquid saturation has been observed for 3% and 4% PEG. Further in the fully developed foam regime i.e after dip in dynamic liquid saturation, the dynamic liquid saturation for 4% PEG is more compared to 3% PEG. Also the onset of transition for 4% PEG from GCF to PF is observed at a lower liquid flow rate compared to 3% PEG for the given gas flow rate. Figure 8 shows the parity for the dynamic liquid saturation for foaming 3% and 4% PEG aqueous liquids and non foaming water system. It has been observed that dynamic liquid saturation for water in GCF regime is lesser compared to that for 3% and 4% PEG solution at a given liquid and gas flow rate due to higher viscosity of 3% and 4% PEG solutions. The transition from GCF to FP is at lower liquid rate in case of 4% PEG than for 3% PEG and was at lower liquid rate for 3% PEG than for water.
Effect of viscosity
Comparison of dynamic liquid saturation for foaming and non foaming fluids
Transition from GCF to FP
The visual observation of sharp rise in pressure drop and appearance of foam gives the indication of transition from GCF to FP regime. The liquid and gas flow rates for 3% PEG and 4% PEG at which transition from GCF to FP regime was observed are plotted on a log-log plot. The data obtained is compared with the reported correlation Bartelmus and Janecki [5] in Figure 9 .
The data corresponding to non-foaming systems of Charpentier and Favier [2] and the present data corresponding to water is found to be in good agreement. Similarly for foaming systems data due to Chou et al. [3] and present data corresponding to 3% and 4% PEG aqueous solution is in good agreement. It is worth noting that the transition line for foaming system was lying below the corresponding line for non-foaming systems ( Figure 10 ).
Conclusion
Based on the foregoing results and discussion the following major conclusions are drawn: 1. The pressure drop for foaming fluids is much higher compare to non-foaming fluids especially in FP regime. 2. For foaming liquids the transition from GCF to FP regime resulted into large foam that was visually seen. It leads to the sudden increase in the pressure drop in the column and a decrease in the dynamic liquid saturation collectively. 3. The dynamic liquid saturation decreased at the transition from GCF to FP regime due to the formation of foam which showed an increasing trend later resulting into a dip in the saturation curve. 4. At a higher gas flow rate the transition from GCF to FP occurred at low liquid rate. 5. The transition from GCF to FP occurred at low liquid flow rate for foaming liquids compared to that for the non-forming systems. 6. With increase in liquid viscosity both the dynamic liquid saturation and pressure drop increased. 
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